Phase contrast imaging: Effect of increased object-detector distances at X-ray diagnostic and megavoltage energies by Loveland, J et al.
www.elsevier.com/locate/nima
Author’s Accepted Manuscript
Phase contrast imaging: Effect of increased
object-detector distances at X-ray diagnostic and
megavoltage energies
J. Loveland, O. Gundogdu, E. Morton, K. Wells,
D.A. Bradley
PII: S0168-9002(10)02125-X
DOI: doi:10.1016/j.nima.2010.09.092
Reference: NIMA 52410
To appear in: Nuclear Instruments and Methods
in Physics Research A
Received date: 15 June 2010
Revised date: 26 August 2010
Accepted date: 21 September 2010
Cite this article as: J. Loveland, O. Gundogdu, E. Morton, K. Wells and D.A. Bradley,
Phase contrast imaging: Effect of increased object-detector distances at X-ray diagnos-
tic and megavoltage energies, Nuclear Instruments and Methods in Physics Research A,
doi:10.1016/j.nima.2010.09.092
This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting galley proof
before it is published in its final citable form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply
to the journal pertain.
Phase contrast imaging: effect of increased object-detector 1 
distances at x-ray diagnostic and megavoltage energies 2 
 3 
J. Loveland a, *, O. Gundogdu a, **, E. Morton b, K. Wellsc***, D.A. Bradley a 4 
 5 
a Department of Physics, University of Surrey, Guildford, Surrey, GU2 7XH, U.K. 6 
b Rapiscan Systems, Units 2,3,4, Radnor Park Trading Estate, Congleton, Cheshire, CW12 4XJ, U.K. 7 
c CVSSP, University of Surrey, Guildford, Surrey, GU2 7XH, U.K. 8 
* Now at Department of Medical Physics, Royal Infirmary of Edinburgh, Edinburgh, EH16 4SA, U. K. 9 
** Now at Umuttepe Campus, University of Kocaeli, 1380, Kocaeli, Turkey 10 
*** Also affiliated to King Saud University, Riyadh, Saudi Arabia 11 
 12 
 13 
ABSTRACT 14 
 15 
The effect of varying object to detector separation at constant and varying magnification has 16 
been investigated at an accelerating potential of 30 kVp. Edge-contrast enhancement 17 
provided by phase effects was investigated for a drinking straw and found to provide up to 18 
2.52 ± 0.02   the contrast for a PVC Heaviside step function. An optimum magnification of 19 
1.5  was found to apply for the microfocus x-ray tube setup used. Imaging at nominal 20 
megavoltage energies was investigated using a Rapiscan Systems Eagle M4500 series 21 
scanner. For a fixed source-detector separation, increased magnification improved edge 22 
contrast and spatial resolution.  23 
 24 
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1. Introduction 27 
 28 
Considerable interest has been shown in recent years in a number of imaging 29 
techniques that make use of the wave properties of x-rays, each offering enhancement of 30 
edge contrast of low atomic number media. These phase contrast imaging techniques 31 
depend on the method applied in obtaining the phase information, categorized by the 32 
method by which the phase information is utilised. The predominant techniques are known 33 
as ‘diffraction enhanced imaging’, ‘x-ray interferometry’, and ‘propagation based imaging’ [1] 34 
Present interest is in propagation based imaging, avoiding a number of stringent 35 
requirements placed on the temporal coherence of the x-ray source. We investigate: (i) low 36 
photon energies (using a microfocus x-ray tube and accelerating potentials of some tens of 37 
kV), and; (ii) high energy photons (using a linac operating in the nominal energy range 4.5-38 
10 MV). Interests include potential biomedical imaging and security applications. For both 39 
regimes, test objects were imaged at a number of distances and magnifications, 40 
investigation being made of the effects of increasing object to detector distance. 41 
 42 
1.1 Theory 43 
 44 
In its passage through a medium, a photon beam is reduced in intensity and altered in its 45 
phase. This can be described in terms of the complex refractive index of the object, 46 
 in  1 ,   (1) 47 
where  is an absorption term proportional to the linear attenuation coefficient and   is a 48 
phase term proportional to the electron density of the object. Variations in the imaginary part 49 
of the refractive index across the object create variations in intensity of the beam; changes in 50 
the real part of the refractive index lead to variations in the phase of the beam. The wave 51 
optics can be explained in terms of spherical wave fronts, provided the object is sufficiently 52 
far from the source that the source approximates a point. At large distances the spherical 53 
waves approximate plane waves. Use of spherical waves simply scales the distance at 54 
which a given intensity distribution occurs [2], shown herein for just one spatial direction: 55 
 56 
 	  	

 ,,,, effps zMuIbuI  ,   (2) 57 
 58 
where  	
,,buIs  is the intensity pattern for spherical waves incident on a detector at 59 
position b along the propagation direction z (in Cartesian coordinates) and  	
,, effp zMuI  is 60 
the intensity pattern for  plane waves incident on the detector, at location Mbzeffective  , with 61 
M the magnification factor, u the spatial frequency and 
 the mean wavelength of the source. 62 
The magnification factorM arises from the geometry of the setup (Fig. 1), independent of 63 
any phase effects and can be easily derived for a point source using ray optics. The 64 
geometrical term for M remains valid for a finite source of size s provided that s << a. The 65 
magnification provides an improvement in the images, the system no longer being limited by 66 
the spatial resolution of the detector. One factor degrading image quality and countering the 67 
benefits of phase effects is the penumbra effect, the extent of which increases with detector-68 
object distance and decreasing source-object distance. Thus said, although blurring from the 69 
penumbra reduces the contrast of the edge enhancements it may aid their detection [3], 70 
smearing of the edge across a larger area possibly aiding detail to be more easily resolved. 71 
 72 
Fig. 1: Geometric magnification 73 
 74 
It has been shown theoretically and experimentally that the propagation technique does 75 
not require a monochromatic source [4]. For polychromatic sources the intensity distribution 76 
can be described as a weighted sum of the intensity distributions from monochromatic 77 
sources [5]. If there is sufficient lateral coherence, the phase effects remain visible. To 78 
produce phase contrast with polychromatic sources is one of the main advantages of the 79 
propagation based phase contrast method. While this allows use of x-rays without temporal 80 
coherence, it does require quite a high degree of spatial coherence. This is because there 81 
must be good correlation between the amplitude of the beam from different points on the 82 
source [4]. The coherence length of a setup can be calculated through the relation: 83 
 84 
sadl 
 ,  (3) 85 
 86 
with ld  the lateral coherence length. For incident energies of a few tens of keV and 87 
propagation direction length scales of ~ 1m, this must be  1 m [6]. Obtaining a sufficiently 88 
large coherence length suggests a low energy beam or a large source to detector distance.  89 
The change in phase can be expressed in terms of the real part of the atomic scattering 90 
factor. Since this can be derived from the coherent scattering of electromagnetic waves [7] it 91 
follows that the phase shift is a result of coherent scattering. Although elastic scattering is 92 
not necessarily coherent scattering [8] there are three main types of elastic collision which 93 
can be considered coherent – Rayleigh, nuclear Thomson and Delbruck scattering. In the 94 
former, the incident photon excites an electron and is absorbed. The electron rapidly de-95 
excites to its original configuration via emission of a photon with the same wavelength as the 96 
original photon. This is the dominant form of elastic scattering at low energies [9]. Nuclear 97 
Thomson scattering is essentially the nuclear analogue (scattering off nucleons) of Rayleigh 98 
scattering. In Delbruck scattering the incident photon creates a pair in the external field of 99 
the nucleus which then annihilates [10]. This results in the emission of a photon with the 100 
same energy as the incident photon [10]. Nuclear Thomson and Delbruck scattering become 101 
significant contributors to the total elastic scattering cross-sections at higher energies. 102 
 103 
2. Materials and Methods 104 
 105 
Fig. 2:  Oxford Instruments XTF5011 x-ray tube set up 106 
 107 
2.1 Microfocus x-ray tube investigations 108 
 109 
Use was made of an Oxford Instruments XTF5011 x-ray tube with a Ag target. The 110 
maximum current was 500 A. The spot size for the particular tube, measured by Oxford 111 
Instruments, is 309 m width by 51 m height. The detector was an xDI Photonics Science 112 
CCD camera with a resolution of 1330 × 1030 pixels, each 6.7 m square, the system 113 
offering 12-bit depth. The set up was arranged to provide for phase propagation (Fig. 2). 114 
 115 
2.2 Megavoltage photon investigations 116 
 117 
Rapiscan Systems offers a number of security solutions many of which involve the use 118 
of x-rays. The system of interest herein was an Eagle M4500 series scanner, a mobile unit 119 
capable of imaging whole trucks in a single scan. It has an unfiltered Varian Linatron 4.5 MV 120 
linac as the x-ray source, mounted on the back of a truck chassis (Fig.3). The detector bank 121 
is on a retractable boom which during scanning is positioned opposite the linac such that a 122 
4.9 m high arch is formed which can pass over the truck to be scanned. The source size of 123 
the linac is less than 2 mm and the beam is emitted at an angle to the horizontal of 28° with 124 
a 3 mm slit lead collimator fitted to form a fan beam. The detector consisted of a linear array 125 
of photodiodes with 20-bit pixel depth and a pixel size of 5 mm arranged into blocks, each 126 
coupled to a CdWO4 scintillator crystal. These were all angled to point at the centre of the 127 
source. When acquiring an image the Eagle M4500 is driven forward at a fixed rate such that 128 
the boom passes over the top of objects of interest. The distance of the objects from the 129 
detector was varied as widely as possible. Due to the structure of the truck, the closest 130 
position to the source attainable was 2.5 ± 0.1 m while the furthest distance investigated for 131 
an initial series of investigations was 6.0 ± 0.1 m. The linac was operated at 90 Hz and 132 
during acquisition the truck speed was 0.25 ms-1 resulting in a horizontal resolution of 2.8 133 
mm. The test objects were mounted on Al stands 1.509 ± 0.005 m high with wooden 134 
platforms to support a range of objects under study. These consisted of a series of cylinders 135 
of differing thicknesses, radii and compositions; glass beads of various radii; a bottle of 136 
water; and a PIPSpro QC3 phantom (Standard Imaging, Inc., Middleton, WI) were also 137 
imaged (manuscript length limitations allowing only results for the cylinders to be discussed 138 
herein). Images of one of the Al stands were also collected at much larger distances (>> 10 139 
m) by retracting the detector boom and using a set of identical detectors set in a portable 140 
light tight box. 141 
 142 
Fig. 3: The Eagle M4500 with the boom deployed for scanning. 143 
 144 
3. Example Results 145 
 146 
3.1 Microfocus x-ray tube investigations 147 
 148 
Profiles across a drinking straw at constant magnification and varying object-detector 149 
distance have demonstrated considerable edge enhancement (Fig. 4). A contrast 150 
improvement of 2.52 ± 0.02 was found using a PVC Heaviside step function at 1.5 151 
magnification. 152 
 153 
Fig. 4: Profiles averaged over 300 lines for a straw imaged at constant magnification 1.5 . 154 
Exposure factors were 30 kVp and 100 A. The error bars indicate 95% confidence levels. 155 
 156 
In addition to phase effects enhancing edge contrast, simple geometric magnification 157 
was also seen to increase contrast in the images, up to a peak value at 1.5 for a source to 158 
detector distance of 1.5 m (Fig. 5), reducing with further magnification to a minimum at ~ 4.5 159 
 . This compares favourably with findings by Gundogdu et al. [1], in which for investigations 160 
of magnifications from 1 to about 1.65  the contrast reached a plateau at around 1.5  . 161 
 162 
Fig. 5: Variation of contrast as a function of magnification for a 30 kVp, 100 A beam 163 
incident on a drinking straw; 3 min exposure for each data point. With a source to detector 164 
distance of 1.5 m, the sample position was varied to alter magnification. Error bars as before. 165 
 166 
Fig. 6: Simulation of experiment in Fig. 5. The error bars indicate 95% confidence levels. 167 
 168 
Apparent from simulation (Fig. 6) is the similarity of peak shape at a magnification of 169 
1.5×. The simulation models the effects of absorption only, neglecting phase; the peak is 170 
therefore a result of magnification alone. The contrast in the simulation is consistently higher 171 
than the contrast in the experiment and can be explained in part by the fact that the model 172 
does not take into account air attenuation (~ 6%), inexact account of the composition of the 173 
straw and the assumption of a monochromatic beam. The 95% confidence levels of the 174 
simulation are much larger than those from the experiment, use of an available 2 GHz single 175 
core processor restricting the number of rays to a maximum of some 106 per image. The 176 
decrease in contrast following the peak value is believed to be a consequence of penumbra 177 
effect, blurring from the penumbra dominating image quality at higher magnifications. 178 
The improvement in contrast gained from phase can be obtained by examining data from 179 
the Heaviside step function [11]. For an incident energy of 30 kVp at a detector to object 180 
distance of 0.5 m and magnification 1.5× (corresponding to the maximum contrast), the 181 
contrast between the peak and trough of the profile across the Heaviside function (Fig. 6)) is 182 
0.037 ± 0.001. Conversely, the contrast between the average transmitted beam grayscale 183 
level and the average attenuated beam gray-scale value (i.e. contrast between far left and 184 
far right of the 30 kVp profile in Fig. 5) is 0.016 ± 0.001. This suggests the phase effects 185 
provided an increase in contrast above that provided by absorption of a factor of 2.52 ± 0.02. 186 
 187 
3.2 Megavoltage nominal energy investigations 188 
 189 
For profiles obtained through images of scanned cylinders (Figs. 7 and 8), a trend 190 
towards increasing contrast is obtained with increasing object-detector distance. However 191 
this was also observed in an absorption-only simulation of the experiment and is therefore 192 
believed to have been a geometric rather than a phase effect. 193 
 194 
Fig. 7: The cylinders in the photograph appear in the same orders in the x-ray profiles of Fig. 195 
8 below (cylinder 1 (Cu), cylinders 2 and 3 (brass), cylinders 4 and 5 (PVC); cylinder 6 196 
(polymethylmethacrylate). 197 
 198 
Fig. 8: Mean of seven profiles taken through the cylinder images for the two extreme object-199 
detector separation. A progressive change in edge contrast with separation was obtained (to 200 
aid image clarity the intervening separations have been omitted). 201 
 202 
The final Rapiscan experiment involved much larger distances, providing for increased 203 
lateral coherence length. For this, the detector bank on the truck was retracted, the source 204 
was kept static and a small bank of detectors in a light-tight box were deployed at several 205 
distances to provide for object to detector separations from 7.5 m up to 53 m. An Al stand 206 
placed at a distance of 2.50 ± 0.05 m from the source was made to act as the test object. A 207 
dark field image was obtained for the remote detector, averaged over 100 readings and this 208 
was subtracted from all subsequent data. For each data set the results were averaged over 209 
100 lines of data. Results indicate progressive reduction in overall contrast with distance to 210 
the detector, the S/B ratio decreasing to just in excess of dark field conditions. Apparent was 211 
an absence of enhanced edge contrast (Fig. 9), almost certainly due to the limited lateral 212 
coherence length at the megavoltage energies and source size investigated. 213 
 214 
 215 
Fig. 9: Image contrast for Al stand (source-object dist. 2.5 m, object-detector dist. 53 m). 216 
 217 
4. Conclusions 218 
 219 
We have studies edge contrast as a function of separation of imaging detector and 220 
object. At kVp potentials, phase contrast enhances edge contrast above that due to 221 
absorption alone. At 30 kVp, we find an improvement of 2.52 ± 0.02 over that using a PVC 222 
Heaviside step function. In addition to phase contrast effects, simple geometric magnification 223 
increases the contrast, peaking for a magnification of 1.5   for a source-detector distance of 224 
1.5 m, degrading with further magnification. The effect of object-detector separation on 225 
image quality was also studied at megavoltage energies. Profiles taken through scanned 226 
cylinder images show a trend towards increasing contrast with increasing object-detector 227 
separations, from a fraction of 1 m  up to several m. However this was also observed in a 228 
simulation of photon absorption and is therefore believed to be a geometric rather than 229 
phase effect. At these elevated photon energies significant and untenable increase in 230 
separation distance would be required in order to establish sufficient lateral coherence (for 231 
the focal spot used, a separation of > 1 km would be indicated). While for such photon 232 
energies, propagation based phase contrast imaging is only indicated for a focal spot of 233 
submicron dimensions, increasing object-detector distances have nevertheless revealed 234 
improvement in edge contrast. This is interesting, particularly given that in electronic 235 
radiotherapy portal imaging the detector is typically placed as close as possible to the patient. 236 
 237 
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Fig. 5: Variation of contrast as a function of magnification for a 30 kVp, 100 μA beam 2 
incident on a drinking straw for an exposure time of 3 min for each data point. The source to 3 
detector distance was kept constant at 1.5 m and the sample position varied to alter the 4 
magnification. The error bars indicate 95% confidence intervals. 5 
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Fig. 6: Simulation of experiment shown in Fig. 5. The error bars indicate 95% confidence 2 
levels. 3 
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Fig. 7: The cylinders in the photograph appear in the same orders in the x-ray profiles of Fig. 3 
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